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THE EFFECT OF METAL ADDITIVES ON THE COMBUSTION 

AND PERFORMANCE O F  SOLID PROPELLANTS 

Peter  L. Nichols, Jr. 

Jet  Propulsion Laboratory 
California Institute of Technology 

Pas'adena , California 

ABSTRACT 

A general review of the effect of metal  additives on the com- 
bustion characterist ics of solid propellants is given. 
were initially introduced to  increase propellant specific impulse and 
density. 
a lso be used to  suppress unstable burning in rocket motors  and to  
produce significant modification in propellant ballistic properties.  
Studies have also revealed that complexities in the combustion of metal  
additives in solid propellants have an important influence on experi-' 
mentally delivered specific impulse, Available data relating to  all the 
above-mentioned effects a r e  analyzed and, wherever possible, existing 
theory is employed in an attempt to correlate  and explain resul ts  obtained 
thus far. 

Metal additives 

It w a s  demonstrated experimentally that metal  additives can 

I. INTRODUCTION 

The advent of intercontinental ball ist ic missi les  and space 
exploration has placed considerable emphasis on the development of 
high-performance solid propellants. In order  to  maintain simplicity 
in rocket-motor design, to keep inert-parts weight to  a minimum, and 
to  optimize powerplant performance, i t  proved necessary that the high 
performance propellant satisfy simultaneously a complex se t  of 
ball ist ic and mechanical property requirements. 

A natural step in increasing the performance of conventional 
solid propellants capable of satisfying these requirements,  therefore,  
was the addition of metal  powders which would provide increased 
specific impulse by virture of their l a rge  heats of oxidation. 
density resulting f rom the replacement of the organic fuel with the 
metal  fue l  w a s  a lso important in increasing over-all performance. 
Ear ly  investigations which tended to give more  emphasis to  the 
ball ist ic modifications resulting from the addition of metal  powders 
have now been extended to include the factors  affecting the performance 
of solid propellants containing appreciable quantities of metal  

Increased 
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constituents. 
reduce unstable burning in solid-rocket motors  has a lso emphasized 
the importance of these additives in solid-rocket motor development. 

The discovery that relatively small  quantities of metals 

In choosing subject matter for  a survey of the effect of metal  
additives on the combustion of solid propellants, it  was decided to  
confine attention mostly to propellant systems employing ammonium 
perchlorate as oxidant and in which the res in  binders vary from 
materials containing little o r  no oxygen, such a s  polybutadine 
copolymers, to  the highly oxygenated double-base propellant materials.  
The decision was based on the following considerations: (1) A large 
quantity of data exists on these systems, (2) p r imary  emphasis is being 
placed on these systems at present for the development of large solid 
rocket engines, and (3 )  conclusions drawn f rom the investigation of 
these sys tems might be applicable to, o r  at  least  s e rve  a s  a standard 
for  comparison with, ather systems which might assume importance 
in the future. 

The t e r m  "metal additive" in this paper applies to  metals in the 
fo rm of powders and wires,  and to metal hydrides and alloys of the 
metals in powdered form. 
sense and covers the case in which the additive is actually an important 
fraction of the fuel employed. A weight fraction range of 2 - 25% of the 
propellant composition covers most cases considered. Other corn . 
pounds of the metals wi l l  not be included, although many metallic com- 
pounds have a profound influence on the ballistic properties of pro-  
pellants, particularly when applied t o  double-base propellants. The 
well-known phenomenon of plateau and mesa  production in double-base 
propellants covers too wide an area to be adequately covered in the 
present paper. The extent t o  which such desirable character is t ics  
a r e  altered by the introduction of metal additives, as defined herein, 
wil l  be t reated briefly, however. 

The t e r m  additive is used in a general 

11. EXPERIMENTAL TECHNIQUES 

Recent advances in the development of large solid-rocket 
engines , coupled with the inherent simplicity and reliability of these 
powerplants, have prompted a large increase in the research  and 
development efforts on high-performance solid propellants. 
increased emphasis has created a substantial increase in the number of 
organizations and personnel participating in solid-propellant R and D, 
and a grea te r  need than ever for  the proper recording, interpretation, 
and dissemination of data f rom the solid propellant R and D programs 
underway. Since the addition of metal additives provides an important 
path which might lead to  significantly greater  experimental 

This 
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performance than that which now exists, and since the number of 
alternate paths at  present a r e  few, it w i l l  be important to examine the 
experimental techniques now being used t o  collect data on ballistic 
properties and performance of solid propellants. 

pitfalls in applying available techniques t o  metallized systems. With 
such a background, it will  be eas i e r  to a s s e s s  the value of the data to  
be presented and the conclusions drawn f rom them. 

The discussion is 
' intended to  point out the most important virtues,  limitations, and 

A. Strand data 

The simplest and most widely used technique for  obtaining 
preliminary ballistic data is the well-known Crawford bomb. Experi-  
ence has shown that in most cases  such data a r e  useful and reasonably 
reliable; however, there a r e  many instances in which strand data yield 
pressure-burning ra te  relationships which a r e  purely characterist ic 
of the tes t  itself and not a property of the propellant f ired in motors.  
Therefore,  all  strand data must receive final confirmation in motor 
firings. It should also be emphasized that good strand-data gathering 
requires  careful technique. The length of strand, method of 
restriction, tendency of the s t rand to burn with a la rge  cone angle, 
physical factors involved in the combustion of the propellant , geometry 
of the propellant strand, and preparation of the propellant charge and 
s t rand influence the final result. There have been many instances of 
formation of false plateaus and mesas,  as well as establishment of 
fictitious combustion l imits with strand data. 

Despite the recognized limitations in s t rand data, this 

Also, i t  should be mentioned that, as a result  of specific effects 
technique wi l l  continue to be of great value in preliminary investiga- 
tions. 
of the metal-powder addition, the kind of data obtained by the strand- 
data technique is l e s s  susceptible t o  e r r o r  than data f rom most other 
techniques for the evaluation of propellants. 

B. Closed-bomb tes t s  

The use of the closed bomb to obtain heats of combustion of 

The determination of heats of explosion of metallized 
propellant mater ia ls  is well understood and requires  no consideration 
a t  this  t ime, 
propellant systems is not so well understood, and there  is a tendency 
to  attempt to interpret  data of this type in t e rms  of combustion 
efficiency. F o r  example , Aerojet reports  (Ref. 1) disclose attempts 
to  determine f rom heat-of-explosion data the effect of particle s ize  on 
efficiency of combustion of aluminum in certain polyurethane 
propellant compositions. Also, the effect on combustion efficiency of 
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of replacing a smal l  amount of the aluminum with other metals was 
studied in this manner. In each case, the changes in heat of explosion 
were only a few pe r  cent, and there is reasonable doubt concerning the 
conclusions reached. 
f rom those obtained in a rocket motor. The value of heat-of-explosion 
data in reflecting changes in combustion efficiency is smal l  even under 
the best circumstances. 

The conditions in the bomb a r e  quite different 

Use of the closed bomb to determine specific impulse is another 
case in which the resul ts  obtained on metallized sys tems a r e  of 
questionable value. 
techniques often overshadows the value of resul ts  which do reflect real 
differences among propellant compositions. 

The confusion arising f rom these indirect 

The usual technique employed in obtaining impulse data with the 
closed bomb is a s  follows (Ref. 2): A smal l  sample of propellant is 
ignited in a vessel  that is either evacuated, o r  slightly pressurized 
with an inert gas. The pressure  vs  time is recorded, and f rom the 
decreasing par t  of the pressure-time curve an extrapolation is made 
to obtain a p res su re  at zero  time. Among various organizations 
using the technique , different extrapolation procedures have been 
contrived. 
connected with heat transfer,  and since the heat-transfer character-  
is t ics  of propellant gases with condensibles differ markedly from 
those containing non-condensibles , the extrapolation procedure could 
cause considerable variations in reported results.  An appropriate 
equation of s ta te  fo r  the product gases, recognition that impulse is 
proportional to d m  and realization that Cp/Cv does not vary 
markedly with most propellant compositions, s e rve  as the bases  for  
obtaining specific impulse f rom closed- bomb p res su re  -time data. 
It is possible to  perform a direct calculation for  the specific impulse 
by calculating C /Cv for  the product gases.  A bet ter  method, how- 
ever,  is t9  determine the specific impulse relative to a standard 
composition .\ 

Since the decreasing part of the pressure-time curve is 

P 

In examining specific-impulse values f rom closed-bomb tes t s ,  
it  is important to keep in mind that the resul ts  tend to be high ra ther  
than low as compared to those obtained in motor tysts.  The result  is 
pr imari ly  due to the fact that more complete combustion is 
encountered in the bomb. An erroneous high result ,  however, can be 
quite unfortunate if  the e r r o r  is not recognized in time. 
enthusiasm concerning the potentialities of boron hydrides in increas-  
ing performance is well-remembered in this respect.  
cr i t ical  attitude toward specific-impulse data f rom closed bombs is 
recommended, therefore. 

F o r m e r  

A reasonably 
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C. Motor techniaues 

The final and most important tes t  of propellant performance is, 
of course, the actual firing in a roc!;& motor under the chosen oper- 
ating conditions, As a matter  of fact, measurements during flight 
most often yield the best possible means for  determining the repro-  
ducibility of propellant performance. Nevertheless, in the develop- 
ment of new propellants, static testing is essential, and i t  is 
important to  know the extent to  which s ta t ic  tes t s  yield reliable data. 

Experience with non-metallized propellants has  shown that a 
static-test motor should contain a minimum of 1-2 lb  of propellant if 
useful data a r e  to be obtained. Even with this s ize  moto’r, heat losses  
a r e  usually significant, and C:: data are  more  accurately obtained than 
thrust  data. 
improved data, and in this s ize  range reasonably accurate thrust  data 
can be obtained, e. g. , 1-270 variations in specific impulse calculated 
from the thrust  measurement. 

Motors containing 10-30 lb  of propellant yield greatly 

The introduction of metal powders has  limited the utility of 
smal l  motor tes t s  considerably. 
with small  diameter nozzles(of the order of tenths of an inch) is com- 
plicated by the coating on the inside nozzle surface,  with a cor re-  
sponding change in effective throat diameter. Also, combustion of the 
metal  powders in small  motors is incomplete. An effect analogous t o  
the L::: effect in liquid-rocket motors must be considered. No  general 
rule  can be given at  this t ime wi th  regard to minimum motor s ize  in 
t e r m s  of L:k, particle residence time, or other parameter .  
worthwhile to observe, however, that Aerojet data to  be discussed in 
Sec. IV-A suggest that motors containing 90 lb o r  more of propellant 
are  required f o r  obtaining performance data which could be applied 
with confidence to rocket motors of a rb i t ra ry  size.  It should be 
emphasized that the pr imary difficulty with metallized systems lies in 
obtaining accurate (2:: and thrust data and not in obtaining ballistic data 
such as burning ra tes ,  p ressure  exponents and temperature sensitivi- 
t ies.  

The measurement of C::: in motors 

It is 

Before closing this discussion of motor techniques, a descrip- 
tion of resul ts  obtained with the J P L  flywheel tes te r  (described in 
Ref. 3) will be of value in giving a more quantitative idea of the 
limitations of small-motor tes ts  in measuring performance of metal- 
lized propellants. The instrument w a s  claimed to be capable of 
measuring impulse to  an accuracy of fO. 370 and a reproducibility of 
fO. 1%. 
urethane propellant of I 

The standard deviation for  a group of tes t s  using a poly- 
= 235 sec  w a s  found to be 0.8%. When SP 
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metallized propellants were tested, however, the following resu l t s  were 
typical. A polyurethane propellant JPL X550 , containing 15% 
aluminum, gave a measured I SP theory. 

'of theory in large motors.  
high-energy nitrasol H3515 propellant delivered 239 sec  ( - 90% theory). 
F o r  the same propellant, NOTs reports 255 sec  delivered in 35-lb 
motors,  A high-energy JPL propellant of the X560 type delivered 
243 sec  with the flywheel tes te r  compared with an expected 250-260 sec  
in large-motor fir ings.  

of 238.6 sec  approximately 91% of 

The Naval Ordnance Tes t  Station (NOTs) 
Closely s imi la r  Aerojet propellants have delivered up to  96% 

D. Photographic studies 

The u s e  of photography in studying the combustion of metal  
powders is proving of considerable value in revealing many significant 
features  of the combustion process.  A summary of resul ts  of a pro- 
g ram being conducted at  the Jet  Propulsion Laboratory will be given to  
i l lustrate the kind of information being obtained in this  manner. 

It is well known that most conventional propellants burn com- 
pletely in a narrow zone close to the burning surface. 
propellants employing ammonium perchlorate a s  oxidant this zone is 
of the order of a mill imeter thick. In Fig. 1, a significant feature of 
metallized propellant burning is revealed, viz. , the metal  particles 
a r e  carr ied along with the combustion gas  s t ream for considerable 
distances before they burn to  completion. There  a r e  several  implica- 
tions resulting f rom this observation, such as (1) a certain fraction of 
unburned metal might be ejected from the rocket motor, thus affecting 
motor performance, (2)  the entire heat-release pattern of the com- 
busting system may depend on the kinetics of the combustion of the 
metal  powder and, in turn, the ballistic properties of the propellant 
may be affected, and (3) a more  detailed study of the combustion of the 
powder would reveal the factors  necessary for  obtaining maximum 
combustion efficiency. 

In composite 

Much preliminary information w a s  obtained by burning metal  
powders in a gas-air  pilot f lame into which the metal  particles were 
axially injected in the center of the flame, using oxygen as a c a r r i e r  
gas. The burning particles were photographed with a 4 x 5-in. s t i l l  
c amera  using color film (Anscochrome, tungsten) especially processed 
t o  give a higher light speed (ASA 1 2 8  instead of ASA 32). 
speed of 1 /50 s e c  was used. 
as i l lustrated in Figs. 2a through d. The length of the s t reak,  divided 

A shutter 
The burning particles appeared as s t reaks  , 
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by the oxygen velocity, w a s  used as a measure  of burning time. 
pilot f lame w a s  adjusted to  the minimum s ize  necessary to  give 
ignition. 

The 

Several objections can be raised to quantitative interpretations 
f rom experiments of this kind, e. g. , (1) the particle velocity is not 
s t r ic t ly  constant, (2)  the pilot f lame has a complicated s t ruc ture  
leading to poorly defined ignition conditions fo r  the particle in question, 
(3) heating of the particle var ies  in each experiment such as to  obscure 
the contribution of the flame in heating the particle,  as compared with 
self -heating. 

In spite of the complexities in  interpreting resul ts ,  the experi- 
ments have brought out large qualitative differences in burning r a t e  and 
mechanism; the most important of these will be discussed. The 
following substances1 have been considered: Be, B, C (graphite), Mg, 
Al, Si, S, Ti,  Fe ,  Co, Zn, Zr,  Sb, LiH, MgH2, LiAlH4, CaHZ, TiHZ, 
ZrHZ, T i c ,  Z r N ,  A1-Mg alloys, AlB A1-Ti (1 to  3 mol ratio),  Al-Ti 
(1 t o  1 mol ratio), Al (77 wt 70) - Ti &,3 wt YO), Al (94 wt ’7’0) - T i  
(6  wt  YO), and TiB2. 

D r .  Derck Gordon, who has  been conducting this program at 
the Je t  Propulsion Laboratory, has  been able to  draw a number of 
interesting qualitative conclusions with regard  t o  the burning of metal 
powders. These conclusions , which are listed below, i l lustrate the 
kind of information which can be gained by this technique and, at the 
s a m e  time, call attention to  the complexities of metal  powder 
combustion. 

1. Burning ra te  and ignitibility of a given metal increase 
with decreasing particle size. 

2. Above a certain particle s ize ,  depending on conditions, 
ignition wi l l  not occur in the torch. 
particle acts  as a heat sink which rapidly removes the 
heat t ransferred f r o m  the surroundings and the heat of 
reaction from the reaction zone, quenching the reaction 
or preventing it from starting. 

This is because the 

lPhase  diagrams were used as  guides in selecting alloys, 
Particles were classified using standard screens  in the following 
groups: < 3 5  mesh, 35 - 60 mesh, 60 - 100 mesh, 100 - 150 mesh, 
150 - 325 mesh, and >325 mesh. 
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3. Burning ra te  and burning mechanism a r e  not "structure 
sensitive" a s  a r e  the mechanical properties of metal. 
Small changes in composition make only smal l  changes 
in burning r a t e  in general. Hence, in investigating an 
alloy system, it is not necessary to investigate many 
samples of slightly different composition but only 
samples representing the major  phases. The s ta te  of 
phase equilibrium is also not important, Small additions 
of alloying elements may be added to produce secondary 
desirable properties without greatly altering the burning 
ra te  in general. 

4. Pure  metal  particles appear to burn according to  one of 
the following mechanisms, depending on composition, 
particle s ize  , and ignition conditions. 

a. 

b. 

C. 

d. 

Volatile metal. 
of the particle and reac ts  with oxygen in a homo- 
geneous gas-phase reaction. 
sable, -condenses outside the reaction zone. 

The metal  vaporizes at  the surface 

The oxide, i f  conden- 

Nonvolatile metal, volatile oxide. 
with solid o r  liquid metal at  particle surface,  
forming volatile oxide. N o  oxide layer  is formed to  
impede reaction. Heat of vaporization extracted by 
oxide may, under certain conditions, cool the 
particle below ignition temperature.  

Oxygen reac ts  

Nonvolatile metal, nonvolatile insoluble oxide. 
Oxygen reacts  with solid o r  liquid metal either after 
oxygen has diffused through the oxide layer  o r  after 
the metal  has diffused out through the solid o r  
liquid oxide layer. 
thickening oxide layer  more o r  l e s s  impedes the 
reaction, whether "protective" o r  not, 

In either case,  the ever-  

Nonvolatile metal, soluble oxide. Oxygen reac ts  
with solid o r  l iquid metal at the particle surface and 
then diffuses into the particle away from surface be- 
cause of an inherent solubility in the metal. 
accumulation of oxide impedes reaction to a l e s se r  
extent than if  an oxide layer  built up a t  the particle 
surface.  

Hence, 
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e. Fragmentation. In acldition to one of the above 
mechanisms, a mechanism involving ultimate 
f rac ture  of the particle may be superimposed. At 
one t ime it was believed that the f rac ture  mechanism 
was connected with crystal  s t ructure ,  particularly 
with the hexagonal crystal  s t ruc ture  of the metals  
Mg, T i  and Zr, in which it w a s  observed. This no 
longer appears probable since it does not occur with 
beryllium, which is a l so  hexagonal. Rather, it is 
probable that the fracture is a "catastrophe" 
resulting from internal thermal s t r e s s e s  set up when 
the oxidation takes place at an ever-increasing rate, 
i. e. , as a burning magnesium particle grows 
smal le r ,  reducing the heat sink and raising the 
entire particle t o  i t s  boiling point, o r ,  as a burning 
titanium particle grows hotter , increasing the 
reactivity of oxygen with the metal, making the rate 
of heat production increase exponentially until the 
boiling point of the metal is reached. 

5. To which of the above c lasses  a particular metal belongs 
depends to some extent on conditions. For example, 
under conditions prevailing in the particle-burning torch 
in  which ignition temperatures in the range of 500 to  
1500°C prevail, Mg (-325 mesh) is in class  "a" 
(volatile metal), whereas A1 (-325 mesh) is in class 
"cn (nonvolatile metal, nonvolatile insoluble oxide). 
However , under conditions of higher temperature  , which 
occur when the concentration of metal  in  the oxygen 
s t r eams  is greatly increased, the combined radiation of 
many incandescent aluminum particles ra i ses  the 
temperature  of the surroundings sufficiently such that, 
at a cri t ical  point, the aluminum part ic les  vaporize, 
causing the character of the "flame" t o  change very 
suddenly from a mass of incandescent s t r eamers  to  a 
tiny, brilliant spot of light. The substances investi- 
gated are classified below according to  burning mechan- 
i s m  for  ignition conditions prevailing in the particle- 
burning torch for  low particle concentration. This  
classification applies a l so  for  par t ic les  burned in a 
metallized strand, to the extent that t es t s  have been 
made. 

a. Volatile substance: Mg, Zn, Sn, LiH, MgH2, CaH3.. 
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b. 

e .  

d. 

e. 

Nonvolatile substance, volatile oxide: C (graphite), 
B (amorphous). 
reported to be 1509" C, s o  that the burning of boron 
should not be retarded by an oxide layer.  
of B which have passed through the pilot flame are 
found to be coated with an oxide layer.  Evidently, 
the temperature of the pilot flame Is not sufficient 
to  vaporize the oxide. The slow-burning character  
of B may also be d u e  to  a high ignition temperature ,  
concomitant with its high melting point (2040' C). 

The boiling point of B203 is 

Particles 

Nonvolatile substance, nonvolatile insoluble oxide: 
Be, All Si, Fe, Co, AlB2, TiB2, TiA13. 

Nonvolatile substance, soluble oxide: Ti,  T i c ,  Zr ,  
Z r N ,  ZrH2, TiH2, Ti-6 wt 70 Al. The carbides,  
nitr ides,  and hydrides a r e  included in the l is t  since 
all the l isted substances have practically identical 
burning characterist ics - -burning particles appear 
as long s t reaks ,  becoming more brilliant as they 
progress ,  finally exploding. Clearly, the C, N, 
and H must be lost during the burning as volatile 
oxides; however, this process  cannot be seen. 

Fragmentation: Mg, Mg-A1 alloys above about 10 
wt 70, Mg, Ti, Zr, TiH2, ZrH2, T i c ,  ArN,  MgH2, 
CaH2, Ti-6 w t  70 AI.. In addition to  fracturing, Mg 
particles of larger  s ize ,  above about 150 microns,  
are self-propelled in remarkable sp i ra l  and 
erratically turning t ra jector ies  by expulsion of Mg 
vapor when burning occurs  unevenly over the 
surface. 

6. An alloy o r  compound may burn by a more  complex 
scheme than the above, depending on i t s  composition. 
If the al.loy contains a volatile constituent (HI Mg, Li, 
eta), the volatile constituent will dist i l l  out of the 
particle and react with oxygen in a homogeneous gas-  
phase reaction, leaving the nonvolatile constituent to  
burn by one of the other mechanisms listed. A good 
example is LiNH4,  fo r  which it is possible to observe 
f i r s t  the burning of hydrogen, then of lithium, and 
finally of the aluminum residue. 
volatile component may possibly se t  up internal s t r e s s e s  

The distillation of a 
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7. 

I 

which f rac ture  the particle; this  is observed in the case  
of Mg-A1 alloys of Mg content grea te r  than about 10 wt 
'$0 Mg. As noted above, the hydrides and carbides and 
nitrides of T i  and Z r  must burn by a mechanism 
involving simultaneous solution of oxygen into the 
titanium latt ice and evolution of volatile C 0 2 ,  H20,  o r  
N2.  

Burning ra te .  
par t ic les  of different substances for  approximately the 
same s ize  distribution w e r e  observed with the par t ic le-  
burning torch despite the uncertainties in interpretation 
noted above. Pas t  research  has  been devoted more  t o  
observing the qualitative differences of various sub- 
s tances  and classifying them according t o  burning 
mechanism than to collecting quantitative data on burning 
rate .  
substances into the classes of "fast burning" and "slow 
burning, " as  observed with - 325 mesh par t ic les  (< 44 
microns)  ignited under minimum conditions in the 
particle-burning torch. The fast  burning par t ic les  burn 
in 0. 1 to 1 millisecond; the slow burning par t ic les  in 
1 to 10 milliseconds o r  more ,  and possibly burn only 
incompletely . 

Qualitative differences in burning r a t e  of 

The following is a qualitative classification of 

Fas t  burning: Mg, MgH2, Ti ,  TiH2, LiH, CaH2, 
Zr ,  ZrH2, T i c ,  A l N ,  Ti-6 wt % A l ,  Zn, Zr .  

Slow burning: Be, B, C, Al, Si, Fe, Co, Sb, 
LiAlH (Li and H contents burn out rapidly, leaving 
All, AlB2, TiB2, TiA13. 

4 

The burning r a t e s  of Mg-A1 alloys range between that of 
Mg and that of Al. The slow-burning substances,  except 
Fe ,  Sb and LiA1H4, a r e  more  difficult t o  ignite than the 
fast-burning substances; also,  except fo r  LiA1H4, l a rge r  
par t ic les  of fast-burning substances ignited than of slow- 
burning substances.  Additional data a re  summarized in 
Tables I and 11, and Fig. 3. 

The above deductions f rom powder -burning experiments are not 
expected to apply in detail to  the actual situation which exis ts  in burning 
metall ized solid propellant , but they certainly i l lustrate  many of the 
complexities in th i s  type of combustion and the need for much additional 
fundamental studies of metallized solid-propellant f lames.  It should 
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a lso  be cited that such studies quickly revealed the desirability of 
investigating Mg- Al alloys in connection with increasing combustion 
efficiency. It w a s  shown, e. g . ,  that alloys containing relatively small 
amounts of Mg (5  - 15 wt 7’0) burned more l i k e  Mg than Al, and by 
virtue of this increased combustion rate, such alloys might give higher 
over-all  motor performance. The absence of discrete particle paths 
in Fig. 4 (as compared with Fig. 1) shows qualitatively the difference 
in burning ra te  of Al and Mg-A1 alloy. 
ance with the observations of rocket-motor firings, which showed that 
elemental boron gives relatively low combustion efficiency compared 
with aluminum. Furthermore,  the particle-size effects a r e  all in 
accordance with data f rom rocket-motor firings. The data a l so  suggest 
that Be might not yield a sufficiently high performance in propellants 
to  overcome the disadvantage of i t s  high toxicity. The resul ts  do not 
allow a f i rm conclusion on this point, but they suggest the need fo r  
fur ther  investigation. 

The studies a r e  a l so  in accord- 

E. Chemical analysis of combustion products 

In cases  where metals are encountered which give very low 
combustion efficiency, chemical analysis is valuable in ascertaining 
the degree of combustion of a metal under various circumstances. 
Difficulty in burning boron in polyurethane-ammonium perchlorate 
propellants was demonstrated in this manner2: Propellants containing 
5 to  10% amorphous boron were burned in a silica chamber and all the 
products of combustion were trapped and absorbed in w a t e r .  Analyses 
of the combustion products burned in  a si l ica tube 0. 68 in. I. D. and 
3 .25  in. in length as shown in Table 111. 
ducted in which the tube length w a s  varied, as shown in Table IV. 
sma l l  variation in extent of combustion suggested the possibility that 
the boron particles were coated, and extinguished by the formation of 
oxide coating, Microscopic examination of the products substantiated 
this hypothesis. Rocket -motor f i r ings  a l so  gave resul ts  qualitatively 
in agreement with the coating hypothesis. 

Experiments were a l so  con- 
The 

111. COMBUSTION CHARACTERISTICS 
, 

An important aspect of the addition of metal additives, whether 
the pr imary  purpose of the additive be fo r  ballistic modification or pe r -  
formance increase,  is that of the compatibility of the additive in the 
s e n s e  of chemical stability of the resulting composition. Aluminum, 

2Experiments devised and conducted by Dr.  R. F. Muraca. 
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for  example, has been widely used in many propellant compositions for  
performance increase; however, up t o  the present,  i t s  use in 
polysulfide-ammonium perchlorate types is limited in the sense that 
compositions containing more than 8 wt 70 produce excessive gasifica- 

‘tion during cure.  
propellant compositions and must b e  surface-coated with oxide before 
use.  Obviously, many other metallic additives might prove too active 
chemically to  allow direct  addition to the propellant composition. In 
these cases ,  it wi l l  be necessary t o  devise methods of providing pro- 
tective coatings for the additives. One promising technique for  vapor 
deposition of stable metallic coatings on the additives, recently 
introduced by Dr.  R. F. Muraca of t h i s  Laboratory, is of interest  in 
this connection. 
propellant ingredient produced an unexpected result  which emphasized 
the need for  additional understanding of propellant combustion. It w a s  
known, for  example, that ammonium dichromate generally decreases  
p re s su re  exponents in ammonium nitrate propellants. 
ammonium nitrate propellant composition under investigation at  the 
Jet  Propulsion Laboratory3 decomposed readily when ammonium 
dichromate w a s  added. The dichromate, therefore,  was coated with 
magnesium, and the coated salt  w a s  added with the production of a 
reasonably stable propellant composition. The resulting propellant, 
however, did not have a lower pressure exponent (compared with the 
uncatalyzed composition) as a result of the dichromate addition. 

Also, magnesium is reactive with most available 

One example of such a coating applied t o  a specific 

A certain 

The coating of oxidants with metals is one of th ree  basic methods 
which are being used for  metallizing propellant compositions. 
addition of metal additives in powdered fo rm is another, and the third 
is the introduction of metals in the form of w i r e s ,  both oriented and 
non-oriented. 
metal-  coated particles on combustion character is t ics  to t rea t  this 
subject a t  the present time. 
f r o m  the Jet Propulsion Laboratory program merely suggest that new 
and interesting effects a r e  to be expected. The addition of w i r e s  is a 
special  subject in itself and will only be given brief treatment.  Main 
emphasis  wi l l  be placed on the addition of metal additives in powdered 
f o r m .  

The 

There is not enough information existing on the effect of 

Most qualitative observations resulting 

A. Burnine rate-Dressure deDendence 

In order  to discuss the burning r a t e  characterist ic of metallized 
propellants, it w i l l  be profitable first to  review the general 

3Work performed by J. Ingham. 
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i c 
character is t ics  of combustion of the corresponding unmetallized pro-  
pellants and then to  note the effect of metal addition. 

1. Composite propellants. In general  composite propel- 
lants burn in a manner largely controlled by the oxidant 
but modified to a significant extent, nevertheless, by the 
na ture  of the resin binder. 
level of burning r a t e s  of composites containing KC104, 
NH4 C104, and NH4N03 is in the order  KClO4 > 
NH4C104 > NH4N03 , when compositions of comparable 
flame temperature a r e  compared (Ref. 4). Note that 
the per  cent of available oxygen is of the same  order .  
Given any of the three  oxidants, varying the resin binder 
in order  of decreasing oxygen content does not cause 
corresponding change in burning ra te  when compared at 
the same  flame temperature.  
case of nitrate compounds which a r e  thermally sensitive , 
particularly where there is sufficient oxygen to propa- 
gate self-combustion. By means of varying the res in  
binder and by the u s e  of decomposition catalysts which 
have specific effects according to the oxidant' it it 
possible to have a ten-  to twenty-fold range of burning 
r a t e s  approximately f o r  each class. Par t ic le  s i ze  of 
the oxidant affects the burning ra te  of ammonium- 
perchlorate propellants significantly but does not affect 
that of ammonium-nitrate propellants. 
however, is somewhat obscured by the difficulty of 
obtaining finely divided ammonium nitrate in propellant 
compos it ions . 

F o r  example, the general  

An exception exists in the 

This comparison , 

The pressure  exponents of composite Fropellants are 
a l so  sssentially characterist ic of the oxidant. Composi- 
tions with n S 0.3 in the range of 500 - 1000 ps i  are 
usually easily achieved with ammonium perchlorate pro- 
pellants; however, KC104 and NH4N03 propellants 
usually have ra ther  high p res su re  exponents. An n 
between 0 .3  and 0 . 4  can often be achieved with NH4N03 
propellants with a good burning-rate catalyst such as 
ammonium dichromate. On the other hand, plateaus 

4Ammonium dichromate is very effective with NH~NOQ propel- 
F e z 0 3  and compounds giving lants  but not with NHqC104 propellants. 

rise t o  S i 0  are very effective in increasing the burning rate of 
NH4C1O4 propellants but not that of NH4N03 propellants. 

2 
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have often been achieved with NH4C1O4 propellants over 
practical p ressure  ranges. Very often, composites 
follow the law r = a Pn very closely in the range 100 - 
2000 psi. In many cases, however, it  is necessary to  
apply the law to two or three separate regions in  the 
pressure  range mentioned. 

The addition of metal powders to  composite propel- 
lants in general does not drastically change the burning 
rate-pressure dependences outlined above. Aluminum 
and boron generally have smal l  effects until the particle 
s ize  of the powder is quite fine. 
decrease of aluminum particle s ize  f rom 35 microns to  
7 microns does show an increase in burnirig ra te  (Ref. 1). 
It has a lso been observed that the addition of small  
amounts of boron (2-5 wt 70) lowers the pressure  ex- 
ponent (Ref. 5). Additional data on the comparison of 
aluminized propellant of varying aluminum contents a r e  
shown in Table V. 

For example, the 

Double-base propellants. 
propellant burning differs considerably f rom that of 
composite-propellant burning and has been the subject of 
much investigation. 
work done with regard to double-base propellant-burning 
mechanisms, discovery of the dramatic effects caused by 
the addition of lead salts came a s  quite a surpr ise .  In 
fact, the accidental discovery resul ts  f rom an attempt 
to improve the extrudability of double-base propellant. 
The so-called plateau and mesa effects a r e  shown in 
Fig. 5. Curve €3 illustrates the plateaus where burning 
ra te  is independent of p re s su re  in a certain region. 
Curve C il lustrates the mesa  effect. The entire effect 
is different from anything yet encountered with composite 
propellants. A typical log r vs log p plot for double-base 
propellants, as w e l l  as many composite propellants, is 
shown by curve A of Fig. 5. The effect of lead sal t  
addition is shown schematically5 by curve C, and the 
shaded a rea  under curve C represents  the region of 
super-rate  , which disappears a s  the pressure  is in- 
creased, thus producing plateaus or  mesas .  In the 
pressure  range where the burning ra te  decreases  with 

The mechanism of double-base- 

Despite the considerable amount of 

5A complete discussion of plateau and mesa formation and the 
catalysts producing the effects is beyond the scope of this presentation. 
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pressure ,  the temperature-sensitivity is exceptionally 
low, as might be expected. 
composite propellants which have a tendency fo r  plateau 
formation. 
pellants causes loss  of the plateau and a return to the 
dependence shown in curve A. 

Curve B is typical of 

A burning-rate catalyst for  composite pro-  

When the need arose  for significant increases  in 
performance of double-base propellants, the u s e  of metal  
additive w a s  considered. However, the double-base 
propellant ingredients do not have the excess oxygen 
required to burn the metals which are, in a sense,  super -  
fuels. It w a s  necessary to  incorporate an oxidant, and 
again ammonium perchlorate w a s  employed. It is 
perhaps not surprising to find, therefore,  that such pro- 
pellants do not exhibit the plateau and mesa effects and, 
in fact, have pressure  exponents around 0 . 3 ,  as reported 
recently by Allegany Ballistics Laboratory (Ref. 6). 

B. Temperature  sensitivity 

To facilitate discussion, a f e w  simple relation9 involving 
temperature  sensitivity are given below: 

1 aPc 
Basic  definition = ng(temperature sensitivity) = - (1) 

'c ( q ) K  

nK =(k) (+) (e) = (k) aP 

where 

= rocket-motor chamber pressure .  
pC 

p.= p re s su re  in rocket-motor chamber or  closed bomb. 

r = aPn, where a - F/(Ts - T,)] for  Eq. ( 3 ) .  

n = pressure  exponent. 
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Ta = uniform temperature of propellant grain pr ior  to  
ignition, o r  ambient temperature.  

Ts = surface temperature of solid propellant during steady- 
state combustion. 6 

The above relations give an indication of the various methods 
which a r e  available fo r  the reduction of temperature  sensitivity. The 
methods will be illustrated by resul ts  of the Aerojet program7 devoted 
to the understanding and control of temperature sensitivity in solid 
propellants. Method I consists of adding decomposition catalysts such 
a s  CuO. Fe203. 
in Ts and decrease in rK. The only relation this might have to  metal- 
powder addition is the effect noted when the particle s ize  becomes very 
small  and burning ra tes  increase.  Even i f  catalysis is not involved, 
the net result  is the same  on temperature sensitivity. Method I1 in- 
volves the addition of a metal in wire form,  in which the metal has  a 
negative temperature coefficient. In this regard,  it  should be men- 
tioned that oriented w i r e s  can also r e d u c e  nK by reducing n. Method 
111 re lates  to the addition of any substance which drives the main 
decomposition reaction into the solid phase. The reduction resulting 
in n in turn reduces rK. 
effect in polyurethane compositions. There  does not appzar to  be any 
effect of this type with the metal additives known a t  present. 
involves the promotion of minor grain breakup below the burning 

There is a resulting increase in burning rate ,  increase 

Aerojet has found that Isano oil produces this 

Method IV 

6rWL 111e assumption of Ts is part of a successful empirical  
formal i sm which has  proved convenient in qualitative discussion of the 
fac tors  affecting propellant -burning, a s  exemplified by the present 
discussion. More fundamental treatments of the factors  relating to 
temperature  sensitivity have been made, but in light of the present 
knowledge of solid-propellant burning mechanism do not yield much 
additional qualitative information over the present simplified empirical  
discussion. 

7The author is indebted to  Dr. E. Mishuck, M r .  A. J. Secchi, 
M r .  D. A. Seedman, and their  collaborators for  the opportunity to  
discuss  the resul ts  of an extensive study of temperature sensitivity 
which they a r e  conducting under Navy BuOrd sponsorship. Generalities 
evolved in their  investigations a r e  used in the present discussion. 
During the course of this work, a Handbook of Temperature Sensitivity 
Data is being prepared for  general u s e  in the propellant field. 
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surface,  owing to the presence of a n  additive which decomposes 
thermally and gives off gaseous products. 
CaC20 and CaC03. 

that effects of this type wil l  be observed with metal hydrides when 
sufficient data are available. 
heat sink, and magnesium is cited a s  an example by the Aerojet group. 
Undoubtedly, this is a major reason for the effectiveness of boron in 
reducing rK, and many other metals and alloys can also be expected to 
have s imi la r  effects. 

Aerojet cited the use of 
The effect is the same  as that resulting when the 

control 4 ing reactions a r e  made to occur in the solid phase. It is likely 

Method V involves the production of a 

The complexities of the KK problem relating to metal additives 
are  a l so  beautifully illustrated by work a t  Aerojet  i n  which it w a s  shown 
that heat treatment of A l  produced aluminum in s u c h  a f o r m  that lower 
r ~ l s  resulted when it w a s  introduced into propellant compositions. 

C. Wires  versus  powders 
~~ 

There a r e  several  ways in which metals can be added to pro- 
pellants, and certain methods of addition have more  effect on the com- 
bustion character is t ics  of the solid propellant than others. Up to  this 
point in the presentation, uniform dispersion of f i n e  metallic powders 
throughout the propellant composition was pr imari ly  considered. 
been shown that adding metals in this mannerusually causes relatively 
smal l  changes in combustion characterist ics.  
the form of w i r e s  oriented perpendicular to  the burning surface has  been 
11s~C1 in an inpenious - manner by the Atlantic Research Corporation to  
provide la rge  over-all  changes in solid propellant combustion (Fiefs. 7,  
8, 9). Before discussing certain aspects of the burning of propellant 
containing long continuous w i r e s  oriented parallel  to the burning surface,  
a few r emarks  w i l l  be made concerning other forms  of w i r e  addition. 
In one instance, a n  attempt w a s  made to  add chopped iron wire  to a 
propellant mix and then urient the w i r e  before curing with a magnetic 
field (Ref. 10). 
in  burning rate w a s  relatively small. 
a l ready been mentioned in Sec. III-B in connection with lowering the 
t e mp e r at u r e s ens it iv it y . 

It has 

The addition of metals in 

Results of the experiment w e r e  e r ra t ic ,  and the change 
The addition of tin w i r e  has 

The u s e  of w i r e  in continuous form,  embedded in a propellant 
matr ix ,  effects a considerable enhancement of the mass  burning rate. 
This  increase  in rate is essentially due to a change in the quantity of 
the burning surface. 
charge (Ref.  7). The effect is generally grea te r ,  a t  high p res su res ,  
f o r  meta ls  of grea te r  thermal diffusivity, except for  those whose 

The result is a controlled worm-holing of the 
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melting points lie near  the propellant surface temperature .  
is noted at  low p res su res .  
o rde r  of 0.06 in. / sec ,  an effective increase in the p re s su re  exponent 
occurs.  The increase is often ear l ie r  for  wi res  of grea te r  diameter .  
When the rat io  of the apparent to  the l inear burning r a t e  is of the o r d e r  
of 3 to 5, the p re s su re  exponent re turns  t o  a value n e a r  that of the 
matr ix  for many metals. 
l inear  burning ra te .  
yield lower p re s su re  exponents (Ref. 8). 
s imi la r  effects. Also, efficiency of the wi re  decreases  with 
increasing wt 70 of metal  (Ref. 9). 

Litt le effect 
When the burning r a t e  of the matr ix  is of thc- 

The apparent r a t e  then roughly paral le ls  the 

Short segments of wi re  yield 
In this region, w i r e s  of l a rge r  diameter  generally 

Simple thermal  and geometric arguments,  assuming no effect 
of the wire  on the l inear  burning ra te  of the matr ix ,  predict qualita- 
tively the sigmoid curves obtained for  burning r a t e  along the wire .  
non-melting wires ,  it  a l so  predicts ra ther  accurately the dependence 
of the apparent burning r a t e  at high p res su res  on the square root of the 
thermal  diffusivity of the metal  of homogeneous wires .  
on w i r e  diameter  in the region of large p r e s s u r e  exponent is a l so  
qualitatively satisfied,  even though the relation w a s  derived fo r  thin, 
wide metallic ribbons. The mathematical relationship which was 
derived is as follows: 

For  

The dependence 

2k 
P 

P + =  c p l r  

-- 

8The present simplified treatment of the effect of oriented 
w i r e s  on propellant burning is par t  of general  study of this  subject 
conducted by P. C. Hanzel and the author. It is intended that a more  
systematic  t reatment  of the subject be presented as a separate  
publication. The Atlantic Research Corporation repor t s  a lso analyze 
by independent methods the general problem of the burning of propellant 
along wi re s  and demonstrate the importance of heat conduction 
along the wire  in causing the observed effects. 
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r = apparent ra te .  

rp = linear burning rate.  

K = thermal diffusivity 

c = heat capacity. 

1 = ribbon thickness. 

p = density. 

k = thermal conductivity. 

= reference to propellant. 
P 

D. Unstable burnine 

There  is a considerable amount of evidence which has shown 
that the addition of small  amounts of metals, such as aluminum, when 
introduced into a propellant composition reduces, and in most cases  
entirely eliminates, the unstable burning conditions often encountered 
in rocket-motor firings. 
x z t a l  zszally reqiiired is in the vicinity of 27'0 by weight of the over-all  
propellant composition. 
this would still retain the beneficial effect of removing unstable 
burning. 
increased performance in the rocket propellant, it is necessary to add 
metal, which also has the beneficial effect of removing this undesired 
instability in burning. 
manner in which the metal powder tends to remove the unstable burn- 
ing condition, and it would be desirable to know whether o r  not 
chemical kinetic effects, heat t ransfer  effects, and other associated 
phenomena play a par t  in damping out the oscillations which are 
deterimental  to the motor behavior. One should proceed at  the 
present  t ime, however, with a great deal of caution, particularly with 
respect  to applying chemical kinetics or chemical interpretations to the 
reduction of unstable burning tendency. 
observed that the combustion products, such as aluminum oxide, are 
quite effective in reducing unstable burning and, on a weight percentage 
bas is ,  probably have roughly equal effectiveness. Also, it appears  
that particle s ize  has an effect on the additive on the reduction of 

Experience has  shown that the amount of 

Of course,  the addition of more  metal than 

It is somewhat fortuitous, therefore, that in order  to  get 

It' is, of course, important to understand the 

F o r  example, i t  has been 
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unstable burning; but again, this is not something which appears  t o  be 
unique with respect  to  the metal o r  to the essentially chemically 
inactive oxides. 
reduction of unstable burning might be a resul t  of physical ra ther  than 
chemical fac tors .  
par t ic les  have a damping effect on the acoustical  oscillations which are  
present in the motor.  The mechanism of initiating these oscillations, 
and a fu l l  definition of all the conditions under which unstable burning 
can occur,  is not clearly known or  well defined at  this  stage of our  
knowledge, and there  is much active work sti l l  going on in the field. 

As a mat te r  of fact  the en t i re  effect relating t o  the 

The possibility has  been suggested that the solid 

- E. Ignitibility, shock sensitivity and detonability 

I 

The propert ies  of ignitibility and shock sensitivity a r e  in some 
ways closely related; however, the interest  in each takes on different 
aspects  when related to  practical  application. F o r  example, most 
propellant compositions a r e  relatively easily ignited a t  room tempera-  
t u re  and above. 
causes  concern among different formulations. 
ignitibility af ter  long-term storage is  important. 
problem is usually associated with surface effects, and to this extent 
ignitibility and shock sensitivity a r e  quite unrelated. The addition of 
metal  powders can have both good and bad effects on shock sensitivity. 
Par t ic le  shape, hardness ,  and melting point of the metal or alloy are 
contributing factors  in altering shock sensitivity. 
have been encountered in the ignitibility of metallized propellants. 

It is only ignition at  low tempera ture  which usually 
Also, the problem of 

However, this  

No  special problems 

A subject even less understood is that of the conditions u ~ d e i -  
which metallized solid propellants undergo transit ion f rom steady- 
s ta te  deflagration to  detonation. 
propellant types containing metals do not show any appreciable 
increase  toward detonation, with the exception of those compositions of 
a very nigh solids content and thermally sensit ive binders. No real ly  
systematic  and definitive data are available in any event. Aerojet has  
claimed that cer ta in  of the Polar i s  propellants with ammonium 
perchlorate,  aluminum, and low- energy polyurethane binders have the 
proper t ies  of Class  B explosives a t  ambient temperatures ,  according 
t o  ICC classifications (Ref. 1). 

Experimental resu l t s  on var ious 
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IV. MOTOR PERFORMANCE 

A brief discussion of motor performance wi l l  be given f o r  the 
purpose of illustrating the general effects of metal additives on 
performance. 9 

A. Propellants containing aluminum 

Practically all large rocket -motor development employing 
metallized propellants has been restricted to the use of aluminum 
powder up to now. Thiokol has fired large motors containing 
a l u  minize d ammoniu m perchlorate - p olybu t adien e a c r ylic acid 
propellant. The specific impulses of all the large motor fir ings using 
the PBAA-type propellant a r e  usua l ly  in the 240 - 245 sec.  range. 10 

Aerojet reports' ' specific impulses in the range of 240 to 252 
for  aluminized polyurethane propellants containing low -energy 
polyurethane binders. In this connection, it w a s  called to the author's 
attention by Drs .  A. Dekker and C. Rogers that significant differences 
in performance were encountered with 3KS- 1000 motors containing 
15 - 20 lb of propellant and 10KS-2500 motors  containing 90 - 100 lb 
of propellant as the aluminum content of the propellant was increased. 
The l a rge r  motors consistently gave higher resul ts  and the specific 
impulse would, in general, level off at some maximum value once the 
metal content approached 20 - 22 wt 70 aluminum, whereas the smal le r  
motors tended to show a maximum specific impulse a t  metal contents 
of around i 5  - 17To. 
collaborators that the 90 - 100 lb motors w e r e  about the smallest  
motors  which gave results use fu l  for fu r the r  scaling to a rb i t ra r i ly  
l a rge r  s izes .  

It ;ll;ss the romhined opinion of Dr. Dekker and his 

'The author is indebted to  John Coy for  reviewing work i.1 this 
field, and particularly fo r  making available resul ts  of his investigations 
at  the Je t  Propulsion Laboratory. 

''A sea-level specific impulse at 1000 ps i  chamber p re s su re  is 
used throughout this paper. 

"Results of work performed at Aerojet under Contract 
NO. AF 33(600)-36610.  
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As the energy content of the resin binders of the aluminized 
propellant w a s  further increased, for example through the addition of 
nitro and nitric e s t e r  plasticizers to the polyurethane binder, the u s e  
of other high energy binders, such as polyurethanes based on nitro- 
polymers, and the use of acrylic binders such as petrin acrylate and 
double-base binders, all gave the maximum specific impulses in the 
250 - 260  sec range. 
energy and thermally sensitive binders lead to maximum combustion 
efficiency and performance for aluminized propellants. 
a lso available which demonstrate the following effects clearly:  

Thus, there seems to be l i t t le question that high- 

Motor data are 

1. Catalysts increasing the burning r a t e  of the propel- 
lant produce increased combustion efficiency. 

2. Reduction of the particle s i ze  of aluminum increased 
combustion efficiency. 

3 .  Any factors substantially increasing the burning rate 
of the propellant time increased combustion efficiency. 

B. Miscellaneous resul ts  

Although most of the work  on alloys of magnesium-aluminum is 
only preliminary, several  agencies have strong indications that corn - 
bustion efficiencies are improved, as indicated by motor data. Tes t s  
have been made ai 2PL w i t h  magr,zsiurr, hydride, zirconium hydride, 
and other mater ia ls ,  but none of the data are  sufficiently reliable to 
report  a t  this time. 
data wi l l  become available in these areas  within the next year.  
has  consistently given low results with respect to  combustion efficiency 
in motor tests; however, very l i t t le work has  been done with this 
additive. 
beryllium t o  increase performance, and again no actual motor tests 
have been conducted. It obviously will  be very difficult t o  conduct tes t s  
of this type because of the high toxicity associated with beryllium 
components. Also, it would be desirable a t  an early date to have a few 
definitive motor t e s t s  to  be conducted on propellant systems containing 
boron hydrides, such as decaborane. Such data would be particularly 
valuable in comparing the combustion efficiencies of the hydrides with 
those of amorphous boron. 

It is to be expected that considerable amounts of 
Boron 

There  has  been much discussion of the possibility of using 
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C. Problem a r e a s  

In the preceding Sections on motor performance, it has  been 
shown that the problem of increasing combustion efficiency in burning 
metal powders in propellant compositions is a very important one, and 
one which should be studied in every possible detail. In this manner, 
one might not only optimize and maximize a motor performance for  a 
given metallized system, but it may be possible in some instances to 
utilize a metal powder and get high combustion efficiency where 
otherwise one might find the metal powder of little use in increasing 
performance, simply because it could not be made to burn properly. 
A more quantitative understanding of the relationship between motor 
s ize  and combustion efficiency of t.he metal powder is particulary 
needed. 

We have mentioned essentially a l l  of the problems up to now 
concerned with modification of combustion cliaracteristics of 
propellants and also the stability problems encountered in introducing 
metal powders into propellants. There a r e ,  however, additional 
problem areas in the use of metal powders in increasing motor 
performance, and probably the most important one has to  do with the 
study of motor performance when expanding into a relatively good 
vacuum. Also, there needs to  be much more  work done on the effect 
of a r e a  rat io  and nozzle contour in obtaining the highest and the most 
complete combustion efficiency. Another problem a r e a  is that of the 
expansion processes  and the tendency o r  degree of approach of 
equiiibrium uf the various chemical species which are exhausted in  the 
nozzle. This is particularly important in optimizing periormance over 
a wide  variety of expansion ratios and expansion into varying degrees  
of vacuum. There is, of course, the additional problem of knowing 
not only whether the particles being exhausted a r e  formed in t imes  
comparable with the residence time in the motor nozzle and exhaust 
section, but a lso as to  whether the particles go d o n g  with the s t ream.  
Considering all the complex metal  systems which might find 
application in the next few years ,  there certainly a r e  a great number 
of problems in these a r e a s  which should be given close attention. 
might a lso be mentioned that in connection with thrust  control and 
thrust  termination, the properties of metallized systems should be 
defined very carefully with respect to properties,  such as flame 
stability and extinction at  low pressure.  

It 

Finally, it  should be mentioned that the well-known problem of 
erosive burning s t i l l  needs further investigation, particularly with 
respect  to  the comparison of metallized and non-metallized sys tems 
containing wide variations in metal content. Up to now, there  is li t t le 
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information along these lines which is sufficiently detailed to clarify 
either quantitatively or qualitatively, the general  nature of the effect of 
metal additives on the erosive characterist ics of some of the presently 
used propellant systems.  

V. SUMMARY 

More important aspects of the effect of the addition of metal 
additives to solid propellants on combustion and performance are 
summarized below. 

A. Metal additives have been successfully used to produce 
significant increases  in the performance of present-day solid 
propellants. An important factor in achieving the maximum per -  
formance increase concerns the extent of combustion of the metal 
powder before it leaves the rocket-motor exhaust. The many aspects  
of metal powder combustion in solid propellants have added greatly t o  
the complexity of solid-propellant development, and much additional 
information along these l ines wi l l  be  needed in the near  futu1.e. 

B. The most used metal in present-day compositions is 
aluminum. 
been particularly low in small  motor tes t s  (85 - 90%) and have greatly 
reduced the value of many preliminary tests in the evaluation of thcse 
systems.  Even though it has  been observed that combustion 
efficiencies level off as motor s i z e  is increased, the scaling l a w s  are 
inadequately miderstcsd. 

Combustion efficiencies of aluminized propellants have 

C. Difficulty has been encountered in obtaining high combustion 
efficiency of boron in propellant compositions. 

D. Alloys of metals, such as  magnesium-aluminum alloys, 
have shown promise in increasing combustion efficiency where the pure 
metal  offers difficulty. 

E. 
efficiency is that of increasing the oxygen content and combustibility of 
the r e s in  binder. 
g rea t e r  combustion efficiencies for  a given s ize  motor than essentially 
non-oxygen containing binders, such as butadiene copolymers. 

Another important factor in increasing combustion 

Highly nitrated resin binders in general give far 

F. General combustion characterist ics of the propellant 
composition, such as burning rates, p re s su re  exponents, and 
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c 
temperature sensitivities, a r e  affected by the addition of metal  addivites; 
however, the effects are generally not large,  and c a r e  is required in 
obtaining reproducible and definitive results.  

G. The effect of particle s ize  of the metal additive is usually 
not very effective in increasing combustion efficiency until  the 
particles become very small ,  of the order  of microns o r  less. 

H. The addition of metals in the fo rm of oriented w i r e s  causes 
far grea te r  change in over-all burning character is t ics  than does the 
introduction of metal  powders into solid propellants. 
oriented w i r e s ,  however, w i l l  probably be of no great  value in 
increasing the performance of solid propellants but will merely se rve  
as a technique of achieving high burning ra tes  for  special  application. 

The u s e  of 

I .  Miscellaneous aspects of the metal additive effects on solid 
propellants are as follows: 

1. 

2. 

3. 

4. 

5. 

Metal powders in quantities of 1 or 27'0 o r  grea te r  
substantially reduce unstable burning in solid 
rocket motors. 

Shock sensitivity, ignitibility, and detonability are 
areas in which effects are not clearly understood 
and defined at present. However, there  is no 
reason to  expect adverse effects in these areas. 

Additional work is required i n  understanding the 
physical and chemical aspects  of the expansion process ,  
particularly when expanding into a vacuum. 

Much is needed in the way of understanding the more  
detailed burning mechanism of composite propellants 
containing metal additives. 

It is generally desirable to look quickly at the corn- 
bustion-efficiency problem once a given additive shows 
promise of an over-all appreciable increase in 
performance; beryllium metal s e rves  as an example. 
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Relatively Easy 

Mg, MgH2, Ti, TiH2, I 
1 
I Tic, Z r ,  ZrH2, Z r N ,  

I CaH2, LiH, LiAlH4, I 

Sb, Fe 

1 Table 11. Ignitibility Limit 

Relatively Difficult 

A l ,  TiA13, B, 

Si, TiR2 

I Ti 

'Relative ease of ignition of particles of s ize  
range -325 mesh (-44 microns) using particle burning 
torch. The group of easily ignitible substances includes 
all of the rapidly burning substances, but a lso two Slow- 
burning substances, Sb and Fe .  

I 

CaH2 
~ 

I LiA1H4 
I 

Par t ic le  Grea ter  Than 

150 microns 

250 microns 

>420 microns 

>420 microns 

>420 microns 

Largest  particle size ignitible with particle - 1 

burning torch by pilot flame of any size .  

Page 27 



Sample N o .  

Table I1 

X550B-75-5B1 

X500B-80-10B 

X550B-72.9-5B 

~~ ~~~ 

1 

, Degree of Boron Combus 
in Polyurethane Propellants 

Nominal B 
Content 

5 70 

10% 

5 % 

Sample 
Weight 

4 .226  

4 .576  

3 . 3 4 5  

3 .561  

4.428 

4 .549  

70 B Oxidized 

5 9 . 5  

50. 1 

avg 54. 8 

40. 9 

38. 3 

a v g  3 9 . 6  

5 5 . 0  

60. 6 

a v g  57. 8 

ion 

‘-7‘0 B Un-Oxidized 

40. 5 

4 9 . 9  

avg 1 5 . 2  

59.1 

61.7 

avg 6 0 . 4  

45. 0 

39 .4  

avg  4 2 . 2  

1 
The composition of J P L  X550 is as follows: 

Polyurethane res in  containing: 

polypropylene glycol 2025 

1, 2. 6 hexane triol  

toluene diisoc yanat e 

Fuel binder containing: 

polyurethane r e s in  

Triton-100 (wetting agent) 

trimethylene glyc ol dini t r a t e  

80. 070 

4 .0% 

16. 070 

7 5. 0% 

5 .0% 

20.070 
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Table IV: Effect of T u b e  Length on Extent of Boron Combustion 

Length 

11 in. 

3 in. 

1 in .  

Aspect Ratio B Oxidized, gm 

16 0 . 1 1  

4 . 7  0 .11  

0 .45  0.085 

Table V. Burning-Rate of Aluminized JPL X550 Propellant 

70 NH4CIU4 

80 

7 0  

65 

65 

7 0  

8 5  

@ /o  A: 

0 

10 

15  

15 

15 

0 

Aluminum 
particle Size 

microns 

- 

5 

35 

5 

5 

- 

Burning Rate 
in. /sec at 

1000 psi  

0 . 3 4  

0 . 4 4  

0. 42 

0 . 4 6  

0 . 5 5  

0 . 4 2  
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Fig. 2: Fig. 2b. LiAlH4 Particles 
Burning in Pilot Flame 

Fig.  2c. Al-  Mg (75-25  wt 7'0) 
Par t ic les  Burning in Pilot Flame 

Fig. 2d. T i  Par t ic les  Rurning 
in Pilot Flame 
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IO 
M I CRON S DIAMETER 

Fig. 3. Burning Time vs  Diameter for Mg and T i  Par t ic les  
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Fig. 4. Burning of Propellant 
Containing Mg - Al 
(50-50 wt %) Alloy 

LOG r 

Fig. 5. Generalized Burning-Rate 
Curves 

- 

LOG p 
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